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Abstract
Output feedback control using Magnetorheological dampers and Variable Stiﬀness Tuned Mass Dampers is considered. Firstly,
seismic response control of a building with MR dampers is considered. Optimal Static Output Feedback (OSOF) control yields
the desired control force. Two laws are proposed to obtain voltage that achieves the desired force. OSOF yields a reduction in
responses and CPU time vis-a-vis LQG and Passive-on controllers. Instantaneous Optimal Control is also considered. Next, a stiﬀ
and a ﬂexible building are connected by a MR damper. Input voltage is predicted by a Recurrent Neural Network using desired
control force from LQG/OSOF. Both output feedback controllers yield signiﬁcant reduction in response and base shear and require
much less control eﬀort compared to passive-on control. Lateral-torsional seismic response control of plan asymmetric buildings
connected by MR dampers is also studied. Finally, control of a wind excited benchmark building using a Variable Stiﬀness TMD
is considered. The nominal stiﬀness corresponds to the fundamental frequency, resulting in an LTI system for which the desired
control force is computed using OSOF/LQG control. A simple control law yields the device conﬁguration. The present control is
comparable with active-TMD and better than Short-time-Fourier-Transform control. A variable length pendulum TMD is proposed.
c© 2016 The Authors. Published by Elsevier Ltd.
Peer-review under responsibility of the organizing committee of ICOVP 2015.
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1. Introduction
Civil engineering structures are frequently subjected to earthquake and wind forces. Due to the broadband exci-
tation, active and semiactive methods are becoming the choice for response control. Semiactive controllers require
low power, cannot destabilize the system, and are failsafe. However, the input-output relation for semiactive devices
is often highly nonlinear. Thus, predicting a device input (eg. voltage) that achieves a desired control force becomes
challenging. Further, the desired and available control forces could at times be out of phase, or the device may satu-
rate, i.e., the desired force is unattainable at these instants.
Output feedback control methods are preferred since they require fewer sensor measurements, and direct output
feedback requires lesser control loop time. A few noteworthy studies on semiactive control are found in [1, 2, 3, 4,
5, 6, 7, 8]. Herein studies on output feedback control using two semiactive devices (Magnetorheological dampers,
Variable Stiﬀness Tuned Mass Dampers) are presented. Results show that despite the above impediments, the control
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is quite eﬀective and uses few sensors. Preliminary work on a Variable Length Pendulum Damper is also discussed,
along with future research avenues.
2. Seismic response control of building
A ten storey shear building is considered with a single damper placed at ground storey (Figure 1). The equation
of motion is Ms x¨ + Cs x˙ + Ks x = G f −Ms L x¨g. Rayleigh damping is considered; x¨g is the ground acceleration;
x = [x1 . . . x10]T is the displacement vector measured relative to ground; f = [ f1] = [ f ] is the applied control force
vector (Eq. (3)) from the damper. The sensor conﬁguration comprises an accelerometer at each storey and an LVDT
to measure drift between damper storeys. Deﬁning state vector q = [x x˙]T , the state and sensor output equations are,
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Fig. 1. Building with MR dampers and controller.
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]
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]
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[
M−1s G
0
]
; C =
[−M−1s Ks −M−1s Cs
1 01×9 01×10
]
(2)
The modiﬁed Bouc-Wen model [1] is considered for voltage dependent f , i.e.,
f = c1y˙ + k1(x − x0); (3)
y˙ =
1
(c0 + c1)
{αz + c0 x˙ + k0(x − y)}; z˙ = −γ|x˙ − y˙|z|z|n−1 − β(x˙ − y˙)|z|n + A(x˙ − y˙); (4)
α = α(u) = αa + αbu; c1 = c1(u) = c1a + c1bu; c0 = c0(u) = c0a + c0bu; u˙ = −η(u − v) (5)
Here x ≡ x1 = q1, x˙ ≡ x˙1 = q11, f , and v are the damper displacement, velocity, force and applied voltage respectively;
z represents hysterisis; y is a pseudo-displacement; k1, k0, x0, c0, c1, γ, β, A, n are model parameters [1].
2.1. Proposed control voltage laws
The optimal controller determines the desired damper force fd. Equations (3-5) show that the actual damper force
f is nonlinearly dependent on input voltage v. Hence, determining v that yields fd is non-trivial. Thus, v is determined
through the following proposed control voltage laws. Approximating the bounds of z and f [2] yields
zu = ±
(
A
γ + β
) 1
n
; f ≈ (c1a + c1bv)
[(c0a + c1a ) + (c0b + c1b )v]
[(αa + αbv)zu + (c0a + c0bv)x˙] (6)
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Fig. 2. Realizable zone of MR damper force in f − x˙ plane.
The realizable zones are bounded by fmin and fmax corresponding to v = 0 and saturation v = 2.25, respectively, and f
varies linearly with x˙ for intermediate v (Figure 2). Note that z is unmeasurable and remains around its bounds, hence
zu is used. Following control voltage laws, which use fd and x˙, are proposed:
(1) Semi-inverse Quadratic Voltage Law (SQVL): If x˙ fd > 0 and fd lies outside the realizable zone, then v = vmax =
2.25 if | fd | > | fmax|, else v = vmin = 0 if | fd | < | fmin|. If x˙ fd > 0 and fd lies within the realizable zone, v is obtained from
Eq. (6) by using fd for f and positive zu if fd > 0, x˙ > 0 or negative zu if fd < 0, x˙ < 0. If x˙ fd < 0 then v = vmin = 0.
(2) Semi-inverse On-Oﬀ Voltage Law (SOOVL): Same as SQVL except that v = vmax = 2.25 even when fd lies within
the realizable zone.
An existing Clipped Voltage Law (CVL) [1] is considered for comparison with SQVL and SOOVL. It uses fd and
f . If fd f < 0 then v = vmin = 0; else v = vmax = 2.25 when | fd | > | f |, or v = vmin = 0 when | fd | < | f |, or v is held at its
present value when fd = f .
2.2. Optimal Static Output Feedback (OSOF) control
The controller design is done without time-intensive state estimation, i.e., v is obtained directly from measured
output. The system dynamics, measured output y, and desired control input fd, are
q˙ = Aq + B fd; fd = −Ky; y = Cq (7)
Here K is determined so as to minimize the expected value of the Performance Index (PI) J∗ =
1
2
∫ ∞
0
[ qT Qq +
fTd R fd ] dt. Here Q is positive semi-deﬁnite state weighting and R is positive deﬁnite control weighting. The mini-
mization of E[J∗] yields design equations [9]:
ATc P + PAc + C
TKTRKC +Q = 0; AcS + SATc + Q˜ = 0 (8)
R−1BTPSCT (CSCT )−1 = K (9)
Here Ac = A − BKC, Q˜ = I (uncorrelated initial states), and E[J∗] = J = 12 tr[P]. Equations (8), (9) are solved for
P, S, K using the Moerder-Calise algorithm [10]. When using acceleration feedback, measured output and desired
damper force become yˆ = Cq + D fd; and fd = −K yˆ = −Kˆ y. Thus Kˆ is obtained by Moerder-Calise algorithm, and
then K = Kˆ(I − DKˆ)−1 used for fd. The block diagram for controller implementation is shown in Figure 3.
The structure is subjected to time-scaled N-S component of EL Centro (1940) ground acceleration. Various sensor
1297 Naresh K. Chandiramani /  Procedia Engineering  144 ( 2016 )  1294 – 1306 
v Control Law 
(Voltage) 
Controller 
df
v
q
y
q
For SQVL & 
SOOVL  
MR Damper 
Equations (3) – (7) f
Measured Output 
11 20 1 2 1... ][ Tq q qq q − = = +y Cq Df 
 and 11 12 11, ( )q q q−  and f
1ˆ ˆ( )
d
−
= −
= −
K K I DK
f Ky
Structure 
Equation (1) 
gx
Plant 
ˆ,K K  - Offline Computation 
11 12 11, ( )q q q−
For CVL 
f
Fig. 3. Implementation of OSOF controller.
conﬁgurations and state/control weightings are considered. Herein, all ten accelerations and ﬁrst-storey drift are mea-
sured, and top-storey acceleration weighted in the PI. Among semi-active controllers, OSOF-SOOVL yields lowest
PI, and SOOVL controllers perform best in drift and displacement control. Online computation time is 14.18s with
LQG-SOOVL and 0.14 with OSOF-SOOVL, i.e., OSOF is two orders of magnitude faster. Figures 4, 5, and 6 show
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Fig. 4. Storeywise peak and RMS inter-storey drifts.
that OSOF-SOOVL provides the best drift and displacement control and is most eﬀective in RMS acceleration control.
LQG-SOOVL is generally more eﬀective than passive-on control.
Parametric studies show that eﬀective control can be achieved with few sensors (eg. accelerometers at storeys 4, 7,
10, and drift sensor at storey 1) using appropriate weightings in the PI. For OSOF the measured output must include
at least one drift, else fd and f will be out of phase rendering the control ineﬀective. Control is more eﬀective when
drift sensor is collocated with the damper, and when the PI contains either system energy or top storey displacement.
2.3. Instantaneous Optimal Control with State Feedback (IOC-SF)
IOCmethods consider the excitation during PI minimization [6]. Using state feedback, one obtains fd = −Δt2 R
−1BTQq(t),
where Q =
φ2
φ
P, and P is the solution of PA+ATP−PBR−1BTP = −I0. Further, Δt = 0.004, φ = 0.002, φ2 = 0.0475,
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Fig. 5. Storeywise peak and RMS displacements.
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I0 = I, and R = 10−11 are chosen for eﬀective control. IOC-RMT (Riccati Matrix Type) performs best in drift and
acceleration control, and marginally worse than LQR and LQG in displacement control (Figure 7). Interestingly, LQG
Fig. 7. (a,b,c) Storeywise peak response, PON, LQR, LQG, IOC-RMT controllers (a) interstorey drift (b) displacement (c) acceleration.
generally has the poorest performance in acceleration control despite its PI being based on only top storey acceleration.
For LQR, Q = I.
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3. Seismic response control of MRD connected buildings
A rigid slab model of two buildings (ﬁve and three storeyed) connected by an MR damper is considered (Figure
8). The displacement vector x comprises [x1 . . . x5]T for B5 and [x6 . . . x8]T for B3, measured relative to ground. State
gx
m1a
 k1a , c1a
Controller
Current
Driver
1z
k1b , c1b
m1b 6z
kc ,   cc
m3a
 k5a , c5a
mB5a
k3a , c3a
5z
3z m3b
k3b , c3b
f  
388
, zzz 
MR damper 
 
78
zz 
6
z
 
45
zz 
 
23
zz 
1
z
Fig. 8. Buildings connected with MR damper.
and output equations are similar to Eqs. (1), (2), and damper force equations are similar to Eqs. (3)-(5), with damper
displacement and velocity, i.e., x and x˙ replaced by z8 − z3 and z16 − z11, and state q replaced by z.
3.1. LQG control
A Kalman ﬁlter is designed to estimate states for use in a LQR controller [9]. Sensor noise and plant noise (x¨g) are
assumed uncorrelated and zero-mean white noise processes. The observer dynamics yielding estimated state zˆ, and
the optimal state feedback control fd are,
˙ˆz = (A − LC)zˆ + (B − LD1)f + Ly; L = P∗CTR∗−1 (10)
AP∗ + P∗AT − P∗CTR∗−1CP∗ +GQ∗GT = 0 (11)
fd = −R−1BTPzˆ = −Kzˆ; ATP + PA − PBR−1BTP +Q = 0 (12)
Here Q∗ and R∗ are spectral densities of plant and sensor noise, respectively. For seismic excitation Q∗ = [Q∗]. Sensor
noises are assumed identical, i.e., R∗ = R∗I. Q∗/R∗ = 50 is considered [1].
3.2. Recurrent Neural Network (RNN) voltage law
The RNN [2] model of the damper has output fed back to make it suitable for closed loop control, and delayed
inputs (z−1) to model hysterisis (Figure 9). It yields command voltage,
vˆ(t)=T2(W2T1(W1L˜ + b1) + b2); (13)
L˜=[vˆ(t−1) · · · vˆ(t−nv) x∗(t) · · · x∗(t−nx) fd(t) · · · f (t−n f )]T (14)
Here x∗ = z8 − z3 is damper displacement; L˜ (12 × 1) is the input; W1 (18 × 12) and W2 (1 × 18) are weights; b1
(18 × 1) and b2 (1 × 1) are biases; T1 and T2 are transfer functions chosen as tanh and linear function with unit slope,
respectively. The RNN was modelled using MATLAB. The trained network is validated for various data sets. Figure
10 shows the validation for x being Gaussian White Noise with amplitude ±2 cm and v = 1.5 + 0.75 sin(6πt) V. Thus
if x˙∗ fd > 0 and fd lies within the realizable zone (Fig. 2) the voltage is obtained from the RNN model by using inputs
fd(t), x∗(t), and time histories of f (applied force), x∗ and v (applied voltage); else the voltage is determined as done
for SQVL.
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3.3. Results for lateral vibration control of connected buildings
The system properties are adapted from [1] so as to yield well separated eigenfrequencies, i.e., 7.13, 21.16, 34.74,
45.79, 53.17 Hz for B5, and 13.56, 39.24, 58.46 Hz for B3. Normalized performance criteria J1—J4 correspond to
maximum peak- displacement, interstorey drift, absolute acceleration, and peak base shear of the combined system,
respectively; and J5—J8 are their RMS counterparts. Maximum peak damper force and stroke are J9 are J10, respec-
tively. Base shear and drift performance criteria are most critical for maintaining structural integrity. Low values of
J9 and J10 imply less power expended.
Table 1 shows that RNN is generally more eﬀective than CVL in reducing peak base shear. Semiactive and passive-
on controllers provide a re-distribution of base shear from ﬂexible B5 to stiﬀer B3 (also see Fig. 14). Although
passive-oﬀ control provides lowest maximum peak base shear, it is unable to re-distribute it to stiﬀer B3. Figure 11
Table 1. Peak base shear (N)
Buil- Uncon- Passive- Passive- LQG OSOF LQR
ding trolled Oﬀ On CVL RNN CVL RNN CVL RNN
B5 7116 2593 2695 2018 1868 2019 1856 2060 1908
B3 3907 1709 3721 2695 3005 2857 2876 2873 2801
shows that RNN controllers outperform the corresponding CVL ones. Figures 12-14 show that when compared to
passive-oﬀ control, LQG/OSOF are very eﬀective in attenuating maximum peak/RMS and storeywise responses of
the ﬂexible building. Compared to passive-on control, LQG/OSOF controllers require less control eﬀort and provide
better response attenuation and lower base shear. Although storeywise accelerations of B3 increase signiﬁcantly, it
results in transfer of base shear to stiﬀer B3. LQG-RNN/OSOF-RNN provide control that is at least as eﬀective as
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LQR-RNN, by deploying much fewer sensors, albeit using somewhat higher damper force. Choice of feedback and
state weighting is crucial in obtaining eﬀective control. Eﬀective control is possible with few sensors.
3.4. Lateral-Torsional vibration control
Two single storey buildings (B1, B2) of equal height are connected by k MR dampers (Fig. 15). Each building
comprises a rigid slab supported by four unequal columns, yielding coupled lateral-torsional motions. The pth building
has displacements xp, yp, and θp. Herein the stiﬀness asymmetry is about the x-axis, so coupling between xp and θp
occurs when the unconnected buildings are excited along x-axis. Further, all six degrees of freedom get coupled due
to the damper connection. Lagrange’s equations of motion are derived. These include generalized non-conservative
forces f - in terms of damper forces fk - which are functions of the six displacements. LQR control yields desired
generalized forces fD (Eq. 12), from which the desired damper forces fkD are obtained via an error minimization. The
RNN, used to obtain damper voltage vk, requires displacements and forces in all dampers and voltages history of the
kth damper as inputs, as the damper forces are coupled via the six displacements.
Various damper conﬁgurations have been considered, and h11 = 0.15, h12 = −0.18, h21 = 0.15, h22 = 0 chosen
for eﬀective control. Normalized performance criteria J1—J3 correspond to maximum peak- lateral displacement,
lateral absolute acceleration, and peak base shear of the combined system, respectively; and J4—J6 are their RMS
counterparts. Maximum peak damper force and stroke are J7 are J8, respectively. LQR-RNN is somewhat more
eﬀective than LQR-CVL. It also yields considerably lower max-peak damper force. Compared to Passive-oﬀ control,
LQR-CVL and LQR-RNN are considerably more eﬀective for B1 (but not for B2) and provide a re-distribution of base
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Fig. 14. Storey accelerations (A) Peak (B) RMS.
shear. Compared to Passive-on control, LQR-CVL and LQR-RNN are comparable or considerably better, except for
torsional acceleration of B2. Both semiactive controllers yield considerable reduction in peak base shear/torque.
4. Wind induced vibration control using variable stiﬀness TMD
The Semiactive Variable Stiﬀness Tuned Mass Damper (SAVS-TMD) comprises a rhombus of four springs pin
connected with smooth massless sliders (Fig.18, 19). Joint-2 slides along the y-directed groove in the bottom of
the TMD mass. Joint-1 moves via a controlled actuator, so as to vary the device stiﬀness by changing the device
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conﬁguration. For large xdrel and/or θ, Fd varies nonlinearly with TMD displacement xdrel. Here θ = sin−1(q1/Le)
is deﬁned as the device conﬁguration. Thus θ is restricted to θmax = 41◦ (open) and θmin = 7◦ (closed) to maintain
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Fig. 18. (a) Benchmark building with SAVS-TMD, (b) Realization of SAVS-TMD inspired by [7].
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Fig. 19. Schematic of SAVS with TMD displaced.
device linearity and handle constraints during rhombus ﬂattening. Assuming xdrel/Le small (validated by controlled
responses obtained) a linear force-displacement relation exists, with θ dependent stiﬀness [7] given by
kd(t) = ke cos2 θ(t) = kdm + Δkd(t) (15)
Here kdm is the mean/passive TMD stiﬀness corresponding to the structural fundamental frequency.
4.1. Reduced order model and controller design
A 76-storey benchmark building is considered [8]. Due to Eq.(15) the system is time invariant, and the control input
force is u = Δkd xdrel; xdrel = xd − x76. Model order reduction is done by choosing a reduced set of 48 representative
states and expressing them in terms of the ﬁrst 48 dominant eigenmodes [11]. Displacements and velocities at storeys
3, 6, 10, 13, 16, 20, 23, 26, 30, 33, 36, 40, 43, 46, 50, 53, 56, 60, 63, 66, 70, 73, 76, and at the TMD, are chosen.
The wind excitation vector is reduced by lumping forces at these storeys. This model is used for OSOF design, and
a further reduced model (comprising 12 states) is used for LQG design. The desired control force ud is obtained via
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OSOF/LQG controllers. The control law, for obtaining the device conﬁguration, is,
θ =
⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩
41◦ (open position) if
ud
xdrel
≤ Δkdmin
cos−1
√
kdm + ud/xdrel
ke
if Δkdmin <
ud
xdrel
< Δkdmax
7◦ (closed position) if
ud
xdrel
≥ Δkdmax
(16)
q1 = Le sin θ
The control force thus realized is u = (ke cos2 θ(t) − kdm)xdrel
4.2. Controller comparisons
A 500t TMD and system matrices and wind data from [8] are considered. Results are compared between the
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Fig. 20. Peak response, wind excitation
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Fig. 21. RMS response, wind excitation
present SAVS-TMD using OSOF/LQG/LQR control (namely STOSOF /STLQG/STLC), with ATMD using LQG
control (i.e, ALC [8]), and SAVS-TMD using STFT control (i.e., STSC [7]). Note that STOSOF using acceleration
feedback requires measurement of wind forces for feed back. Limits of 100kN/300kN for RMS/Peak control force,
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and 30cm/95cm for RMS/Peak TMD displacement, as per benchmark problem [8] are considered herein. The mean
device stiﬀness is kdm = 505.12kN/m corresponding to structural fundamental frequency 0.16 Hz. Thus, the spring
stiﬀness is chosen as ke = 650kN, yielding Δkdmax = 135.223 and Δkdmin = −134.89 kN/m.
STOSOF is most eﬀective when drift at storeys 16, 50, 76, and velocity of TMD is fed back. STLQG is most ef-
fective when acceleration of storey 76 is fed back. Figures (20), (21) show that STOSOF and STLQG are comparable
to ALC, and somewhat better than STSC. Note that ALC is an active controller and has higher power requirements,
and STSC would have a larger control loop duration due to real time extraction of response frequency.
A variable length pendulum damper is proposed. Lagrange’s equations are derived. These contain storey displace-
ments and pendulum angle, which along with the corresponding velocities constitute the state vector. The control
force is the horizontal component of tension in the pendulum, which is in terms of the states and the pendulum length
and its derivatives. LQR control provides the desired control force, following which the horizontal tension equation
can be integrated to yield the pendulum length, i.e., the desired control input.
5. Future directions
While semiactive control proves quite eﬀective vis-a-vis passive-on/oﬀ control, a lot more needs to be accom-
plished. The diﬃculty of inverting damper dynamics has been addressed to some extent by others, and also herein by
proposing two voltage laws. However, more accurate analytical/numerical inversion of damper dynamics, that can be
used online in the control loop, should be explored. Solution of OSOF controller equations by algorithms that yield
the global minimum PI, such as homotopy and genetic searching, should be explored (the present Moerder-Calise
algorithm does not do so).
Optimization of state and control weighting matrices so as to minimize multiple objectives such as the PI and a set
of peak/RMS responses at chosen locations, should be explored. Robust controller design that is eﬀective for wide
range of ground/wind excitations should be pursued. The variable stiﬀness TMD displacement and the desired control
force should be used as inputs to obtain the required device actuation via the nonlinear static equations. Thus limits
on device conﬁguration angle could be removed, and the error between desired and applied control forces reduced.
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